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FOCUS: HYDROGEN EXCHANGE AND COVALENT MODIFICATION
Using Metal-Catalyzed Oxidation Reactions
and Mass Spectrometry to Identify Amino
Acid Residues Within 10 Å of the Metal
in Cu-Binding Proteins
Juma D. Bridgewater, Jihyeon Lim*, and Richard W. Vachet
Department of Chemistry, University of Massachusetts, Amherst, Massachusetts, USA
Metal-catalyzed oxidation (MCO) reactions and mass spectrometry (MS) can be used together
to determine the amino acids bound to Cu in a metalloprotein. Selective oxidation of only
amino acids bound to Cu during the MCO/MS approach relies on proper choice of the types
and concentrations of the reducing and oxidizing agents. We show here that if these MCO
reagent concentrations are “detuned” or varied slightly from optimal conditions, nonmetal-
bound amino acids close to Cu can also be oxidized in a controlled manner. Using Cu/Zn
superoxide dismutase as a model system, we demonstrate that amino acids up to 10 Å from
Cu can be modified as long as they are readily accessible to diffusing reactive oxygen species.
UV/VIS spectroscopy and measurements of oxidation kinetics provide evidence that the
protein’s structural integrity around Cu is maintained during the detuned MCO reactions.
Because this method can identify amino acids around Cu that have low solvent accessibility,
it should complement other radical-based protein surface-mapping techniques. (J Am Soc
Mass Spectrom 2006, 17, 1552–1559) © 2006 American Society for Mass SpectrometryAdesire to obtain greater molecular-level detailabout protein structure and protein interactionswith ligands, metals, and other proteins in
solution drives the continual development and refine-
ment of measurement tools for these macromolecules.
The speed and sensitivity of mass spectrometry (MS)
has made it an attractive alternative to traditional
protein analysis techniques. Because MS measurements
occur in the gas phase, though, obtaining information
about protein structure in solution relies on changing
the mass of the protein or its proteolytic fragments in a
structure-dependent way. To accomplish this, a variety
of approaches have been used, including H/D ex-
change [1–3], intra- and intermolecular cross-linking [4,
5], and protein surfacing mapping via covalent labeling
of amino acid side chains [6 –9].
In this latter category are radical-based surface map-
ping or footprinting techniques, which use radicals
(e.g., ·OH) to modify solvent-exposed amino acids.
Several ways of generating these radical species have
been employed, including Fenton chemistry [10], radi-
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doi:10.1016/j.jasms.2006.06.003olysis of water via -rays or synchrotron X-rays [6, 7,
11–14], electrical discharge in the presence of O2 [15–
17], and photolysis of H2O2 [18, 19]. In each case, the
residues that are modified after exposure to the gener-
ated radicals can be identified using tandem MS (MS/
MS), typically in conjunction with proteolytic digestion.
These radical-based surface mapping experiments re-
sult in covalent modifications to amino acid side chains
and, thus, they are complementary to H/D exchange
methods that probe protein backbone structure. More-
over, the nature of the modification in the radical-based
approaches offers an advantage over H/D exchange
methods because the radical reactions result in covalent
modification and back exchange is not possible. There
exists a disadvantage, however, as the probe (e.g., ·OH)
and the resulting modifications (e.g., O incorporation),
are more likely to perturb protein structure than D
incorporation.
Our group has begun to investigate a variation on
these radical-based approaches that allows one to study
metal interactions with proteins [20 –23]. We use metal-
catalyzed oxidation (MCO) reactions to generate reac-
tive oxygen species (ROS) at a redox-active metal that is
bound to a peptide or protein (Figure 1). If the MCO
reagents and their concentrations are properly chosen,
only the amino acid residues bound to the metal are
modified as the radicals are catalytically produced only
at the metal center. Tandem MS can then be used to
sequence the peptide or protein, find the modified
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group and other groups [24 –27] have used this ap-
proach successfully to study the Cu-binding sites of
several peptides and proteins, and we have recently
demonstrated that the MCO/MS method can be ex-
tended to Mn, Fe, Co, and Ni-binding peptides as well
[28]. In an attempt to expand the protein structural
information available from the MCO/MS method, we
have investigated the possibility of controllably de-
creasing the oxidation specificity of the MCO reactions.
In this report we demonstrate that if less than optimal
MCO reaction conditions are chosen, both metal-bound
amino acids and other nearby residues can be control-
lably oxidized. Such an approach offers the potential of
obtaining information about the secondary coordina-
tion sphere around the metal or insight into protein
structural changes that occur around the metal in re-
sponse to a stimulus (e.g., ligand binding).
Experimental
Materials
Cu/Zn SOD from bovine erythrocytes, azurin from
Pseudomonas aeruginosa, sodium persulfate, and L-
ascorbate were purchased from Sigma-Aldrich Corp (St.
Louis, MO). Hydrogen peroxide (30%), formic acid,
tris(hydroxymethyl)-aminomethane (Tris), and tris(hy-
droxymethyl)aminomethane hydrochloride (Tris-HCl)
were obtained from EM Science (Gladstone, NJ). Acetic
acid and HPLC-grade acetonitrile were obtained from
Fisher Scientific (Fair Lawn, NJ). Endoproteinase Asp-N
and chymotrypsin were obtained from Roche Diagnos-
tics (Indianapolis, IN), and trypsin was obtained from
Promega (Madison, WI). Distilled, deionized water was
generated with a Millipore (Burlington, MA) Simplicity
185 water purification system.
Metal Catalyzed Oxidation (MCO) Reactions
MCO reactions of azurin were performed at room-
temperature in solutions containing 40 M azurin,
0–100 mM ascorbate, 0–1 mM H2O2, and 50 mM
Tris/Tris-HCl buffered to pH 7.4. MCO reactions with
Mn+ M(n+1) + Reactive Oxygen Species (ROS) 
(e.g. O2
•- and/or •OH)
Oxidizing agent
Reducing agent
Figure 1. General reaction scheme for the production of reactive
oxygen species during metal-catalyzed oxidation reactions.Cu/Zn SOD were performed in a water bath at 37 °C insolutions containing 40 M Cu/Zn SOD, 0–100 mM
ascorbate, 0–5 mM S2O8
2, and 100 mM Tris/Tris-HCl
buffered to pH 7.4. In all cases the reactions were
initiated by the addition of ascorbate, oxidant (H2O2 or
S2O8
2), or both, and the total reaction time was 30 min.
In samples that were prepared for digest, the reaction
was stopped by precipitating the protein with acetic
and trichloroacetic acid as part of a previously de-
scribed copper removal procedure [29]. After copper
removal and before protein digestion, a portion of the
sample was immediately either lyophilized or desalted
using 10,000 Da molecular weight Centricon filters
(Millipore, Bedford, MA) to remove any remaining
H2O2 or S2O8
2. The remaining portion of the sample
was diluted to 4 M with distilled, deionized water
(containing 3% acetic acid) and analyzed by HPLC-MS
immediately to determine total protein oxidation yield.
Proteolytic Digests
For Cu/Zn SOD, the precipitated protein was dissolved
in 115 L of 12 mM ammonium acetate (pH 8.0)
containing 25% acetonitrile (by volume) and 0.25 mM
DTT, and the mixture was incubated at 37 °C for 30 min.
4 g of trypsin and 0.4 g of endoproteinase Asp-N
were each dissolved in 100 L of ammonium acetate (12
mM, pH 8.0) and added to the dissolved protein mix-
ture. This final mixture was incubated at 37 °C for 16 h.
For azurin, the precipitated protein was digested over-
night with 5 g of trypsin, 5 g of chymotrypsin, and 10
mM DTT at 37 °C in 500 L of a 10 mM solution of
ammonium acetate buffered to pH 7.4. In the digestions
of both proteins, the proteases were inactivated by
adjusting the pH to 2, and the samples were frozen until
ready for further analysis. Before analysis by LC-MS or
ESI-MS, the digests were diluted with distilled, deion-
ized water and formic acid (digest/water/acid, 58.5/
38.5/3.0).
Instrumentation
HPLC monitoring of the extent of protein oxidation
was conducted using an HP 1100 (Agilent, Wilming-
ton, DE) system with a C8 column (4.6 mm  150 mm
Agilent, Wilmington, DE). Cu/Zn SOD was eluted
with a linear gradient of acetonitrile with formic acid
(0.1%) from 10% acetonitrile/water to 90% acetoni-
trile/water over 10 min at a flow rate of 0.5 ml/min.
The LC effluent was split in a 1:4 ratio with the
smaller outlet being fed into the ESI source of a
Bruker Esquire-LC (Billerica, MA) quadrupole ion
trap mass spectrometer. Typically, the needle voltage
was kept at 3–4 kV, and the capillary temperature
was set to 250 °C; 10–60 V was applied to skimmer 1,
and the capillary offset voltage was set between 20
and 60 V. For direct injection experiments similar
ionization conditions were used, but sample was
delivered at 1 L/min using a syringe pump.
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Our previous MCO/MS studies indicate that choosing
the proper ascorbate concentration is necessary to oxi-
dize only the amino acids bound to Cu. The actual
concentrations that are necessary to maximize oxidation
specificity, though, appear to depend on the degree to
which the metal is buried in the peptide or protein.
Typically, accurate MCO/MS determinations of Cu-
binding sites of peptides or proteins in which the metal
site is not buried require lower ascorbate concentrations
(10 mM versus 100 mM) than MCO/MS analyses of
larger proteins in which the metal is buried [20 –23].
Presumably, when Cu is not buried, lower ascorbate
concentrations can effectively reduce Cu(II) and initiate
the MCO reaction. A previous study indicates that
ascorbate also plays another role, which necessitates
higher concentrations for more buried Cu centers. It
appears to scavenge radicals escaping the “cage” that is
formed by the residues that are bound to the metal [22].
By minimizing the number of radicals escaping this
cage, oxidation events are limited to only metal-bound
amino acids. If ascorbate does indeed function as a
radical scavenger and thereby limit oxidation of non-
Cu-bound amino acids, a decrease in its concentration
or an increase in the oxidant’s concentration may result
in oxidation of other amino acids near Cu. In effect, if
the MCO reactions are “detuned”, modifications to
other nearby amino acids could provide additional
information about the protein’s structure around Cu.
Azurin
An initial test of this hypothesis was performed with
the protein azurin, which was studied as a function of
ascorbate concentration using 1 mM H2O2 and air as
oxidants. Azurin is a Cu-containing protein that con-
tains six readily oxidizable methionine residues, only
one of which is bound to Cu. As we reported previ-
ously, Met44, His46, Cys112, His117, and Met121 are all
Table 1. Residues in azurin that are oxidized under different
ascorbate concentrations
Ascorbate
concentration,
mMa Oxidized residues (distance from Cu, Å)
100 Met44 (6.3), His46b, Cys112b, His117b,
Met121b
10 Met13 (7.1) Met44 (6.3), His46b, Cys112b,
His117b, Met121b
5 Met13 (7.1) Met44 (6.3), His46b, Met64 (10.1),
Met109 (15.7), Cys112b, His117b, Met121b
0 Met13 (7.1) Met44 (6.3), His46b, Met56 (12.9),
Met64 (10.1), Met109 (15.7), Cys112b,
His117b, Met121b
aThe MCO reactions were performed in a buffered solution at pH 7.4
and included the indicated ascorbate concentration, 1 mM H2O2, and
air.
bAmino acid residues that are bound to Cu in the native protein.oxidized under optimal or “tuned” MCO reaction con-ditions—100 mM ascorbate, 1 mMH2O2, and air. All the
oxidized residues under these conditions are known to
bind Cu except Met44. Because methionines are readily
oxidized and Met44 is within 6 Å of Cu, it is not
surprising that it is difficult to avoid oxidation of this
methionine. As the ascorbate concentration is lowered
in the MCO reactions, other amino acids are also found
to be oxidized (Table 1 and Figure 2). The observed
trend is that residues further from Cu are oxidized as
the ascorbate concentration approaches zero. For exam-
ple, at 10 mM ascorbate Met13, which is 7 Å from Cu, is
oxidized in addition to all the residues oxidized in the
presence of 100 mM ascorbate. At 5 mM ascorbate,
Met64 (10 Å from Cu) and Met109 (15 Å from Cu) are
added to the list of oxidized residues. The correlation is
not perfect, though, as Met56 is not oxidized until the
ascorbate concentration is zero, even though it is closer
to Cu (13 Å) than Met109. Furthermore, other amino
acids that readily react with hydroxyl radicals (Table 2)
are within 10 Å, but none of these residues are oxidized
under any of the conditions. The failure to oxidize these
amino acids could be due to the presence of so many
Figure 2. Structure of azurin (PDB identifier 1AZU), indicating
residues oxidized under (a) fully optimized conditions and (b)
detuned conditions. Copper is indicated by the yellow sphere, and
the oxidized residues are shown in red.
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dues effectively protect the other residues from oxida-
tion. Indeed, it has been suggested previously that, via
electron-transfer reactions, Met can effectively
“quench” radicals initially formed at other residues,
thus focusing oxidation events on Met residues [7].
Alternatively, H2O2 can oxidize methionine directly via
a two-electron process as reported recently [30]. This
direct oxidation reaction occurs much more slowly than
the metal-catalyzed one, however, and the previously
observed effect occurred after peptide/protein storage
for two days [30]. In our experiments, the relatively low
amount of H2O2 (i.e., 1 mM) is removed immediately by
lyophilization or desalting after the MCO reaction is
quenched. Despite these possibilities, failure to oxidize
other non-Cu-bound amino acids is difficult to fully
rationalize in the context of what is known about the
reactions between ROS and amino acids. Previous sys-
tematic investigations of the reactivity of ROS with free
amino acids or amino acids in peptides/proteins have
mostly involved production of hydroxyl radicals at
“random” locations in solution either via radiolysis of
water [6, 7, 12–15, 31, 32] or via Fenton reactions
involving Fe [32, 33]. In the current experiments, ROS
are generated at a specific site within the protein and
protein-bound Cu is the catalyst for the production of
these species. Given the differences in reaction condi-
tions, it is reasonable to expect that trends in amino acid
oxidation may differ.
Cu/Zn SOD
To more carefully study the oxidation of non-Cu-bound
Table 2. Readily oxidizable amino acid residues, except
methionine, in azurin that are within 10 Å of Cu but are not
found to be modified
Amino acida
Distance from
Cu, Åb
Phe114 5.6
Leu86 6.2
His35 6.7
Phe15 6.7
Pro115 7.0
Leu33 7.4
Thr113 7.9
Tyr72 8.0
Ile87 8.5
Leu120 8.9
Phe111 9.4
Thr84 9.6
Trp48 9.6
aOnly amino acids that have reactions rates with ●OH between 1  108
and 3.4  1010 M1s1 are included [36]. This reaction rate cutoff
excludes Ala, Asn, Asp, Gln, Gly, and Lys. Experimental values for
isoleucine and proline are not available, but the reaction rates for these
amino acids are assumed to be similar to leucine and valine, respec-
tively.
bNot included in this list are an additional 49 readily oxidizable residues
that are greater than 10 Å from Cu.amino acids near the metal center and thus assess theanalytical utility of these detuned reactions, we decided
to study another Cu-binding protein—Cu/Zn superox-
ide dismutase (SOD). While providing some useful
initial results, azurin is a poor model protein in the
current context. Because of its six Met residues, repro-
ducible data is difficult to obtain as variations in elec-
trospray conditions, trace metal concentrations in solu-
tions, or sample age can result in significant changes to
background Met oxidation from one experiment to the
next. Cu/Zn SOD has only one Met residue, so back-
ground oxidation is minimal. Moreover, we have al-
ready demonstrated that the amino acids bound to Cu
in this protein can be specifically oxidized under the
appropriate MCO reaction conditions. Just as in the case
of azurin, a relatively high concentration of ascorbate is
necessary to maximize the oxidation specificity during
the MCO reactions of Cu/Zn SOD. The presence of 100
mM ascorbate, 1 mM S2O8
2, and air results in oxidation
of only His44, His46, His61, and His118, which are the
residues bound to Cu. Presumably, the high concentra-
tion of ascorbate enables it to serve the dual role of
reducing agent and radical scavenger so that high
oxidation specificity is obtained. Because of the dual
role performed by ascorbate, we investigated varying
the oxidant concentration as a means of detuning the
MCO reactions instead of varying the ascorbate concen-
tration. We hypothesized that this would enable us to
more controllably increase the production of ROS at the
Cu center and thus oxidize additional residues.
Table 3. Readily oxidizable amino acid residues within 10 Å of
Cu in Cu/Zn SOD, and the status of their oxidation under the
detuned MCO reaction conditions
Amino acida
Distance from
Cu, Åb
Modified
(yes/no)?
His46 2.0 Yes
His118 2.0 Yes
His44 2.1 Yes
His61 3.2 Yes
Val116 4.4 No
Arg141 6.2 Yesc
Phe43 6.2 No
Pro60 6.5 Yesd
His69 6.6 Yes
His78 7.5 Yes
Met115 8.0 Yes
Val117 8.5 No
Ser140 8.5 No
Val45 8.5 No
Phe62 9.0 Yesd
aOnly amino acids that have reactions rates with ●OH between 1  108
and 3.4  1010 M1s1 are included [36]. This reaction rate cutoff
excludes Ala, Asn, Asp, Gln, Gly, and Lys. Experimental values for
isoleucine and proline are not available, but the reaction rates for these
amino acids are assumed to be similar to leucine and valine, respec-
tively.
bNot included in this list are an additional 64 readily oxidizable residues
that are greater than 10 Å from Cu.
cA peptide fragment corresponding to [Thr135-Arg141 - 43] is ob-
served, but its ion abundance is too low to confirm the modification at
Arg141; however, a neutral loss of 43 is a common oxidative modifica-
tion for Arg-containing peptides [37, 38].
dMS/MS of the peptide fragment containing Pro60 and Phe62 is unable
to clearly distinguish which of these two residues is oxidized.
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2 concentration is increased above 1 mM,
non-Cu-bound amino acids become modified. These
residues include Pro60 (and/or Phe62), His69, His78,
Met115, and Arg141, each of which is within 10 Å of Cu.
Table 3 lists these and additional residues within 10 Å
of Cu. From the list in Table 3, clearly not all the
residues near Cu are oxidized. Specifically, Phe43,
Val45, Val116, Val117, and Ser140 are not oxidized
despite being close to Cu. Reasonable explanations,
however, can be provided for why these residues are
not oxidized during the detuned MCO experiments.
Phe43 and Val45 are not readily accessible to any ROS
diffusing from the Cu center. A view of the Cu binding
site of Cu/Zn SOD (Figure 3) shows that the protein
backbone that includes two of the binding His residues,
His44 and His46, sterically hinders the approach of ROS
to Phe43 and Val45. A similar rationale can also be used
to explain the failure to oxidize Val117 and Ser140. The
side chains of these residues point away from the metal
center and access to them is blocked by the protein
backbone. It is well established that the protein back-
bone reacts much more slowly with ROS than amino
acid side chains [31], which is consistent with the failure
to observe any backbone modifications or cleavages.
The side-chain of Val116, in contrast, points toward the
metal, but its relatively low reactivity with hydroxyl
radicals and proximity to a readily oxidizable residue
(Met115) make it unlikely to be oxidized to a measur-
able extent.
Finding conditions that allow oxidation of binding
and nearby non-binding residues is encouraging, as it
suggests that protein structure around Cu might be
accessible by a detuned MCO/MS approach; however,
an important question arises. Is the additional oxidation
due to freely diffusible radicals or has the Cu binding
site been disrupted so that non-binding residues are
oxidized? For the oxidation events to be most meaning-
Figure 3. A view of the copper binding site of Cu/Zn SOD (PDB
identifier 1E9P), indicating the amino acid residues oxidized
under the detuned MCO reaction conditions. The oxidized resi-
dues are shown in red. For clarity, not all side chains are shown,
nor is the entire protein shown.ful, the protein structure and Cu-binding site shouldremain intact during the MCO reactions. To test
whether changes to protein structure or Cu-binding site
account for the additional oxidation observed at higher
S2O8
2concentrations, two sets of experiments were per-
formed.
UV-VIS Absorbance Spectroscopy
In a first set of experiments, we considered two spectro-
scopic techniques that are sensitive to metal binding sites.
Electron paramagnetic resonance (EPR) and ultraviolet-
visible (UV-VIS) absorbance spectroscopies have been
used to study the active site of Cu/Zn SOD [34, 35]. Both
of these techniques can provide information about the
ligand environment around Cu, and thus they might
indicate any structural changes around Cu or any disrup-
tion of the Cu binding site during the MCO reactions.
Unfortunately, EPR does not provide much useful infor-
mation (data not shown) because the presence of such a
high ascorbate concentration greatly weakens the EPR
signal for Cu(II). UV-VIS absorbance measurements, on
the other hand, do provide some insight into the effect (or
lack thereof) of the MCO reagents on the integrity of the
Cu binding site. In particular, two spectral features are
informative. The first absorbance feature with a max 
660 nm can be used to monitor the Cu(II) binding site as it
corresponds to a d-d transition for Cu(II). The second
absorbance feature is a ligand-to-metal charge-transfer
band involvingHis61 and Cu(II) and has a max 420 nm.
His61 bridges Cu(II) and Zn(II), and previous studies have
used the band at 420 nm to indirectly monitor the Zn(II)
binding site [34, 35]. The specific utility of these two
features comes from the ability tomonitor changes in their
intensity and/or max values as a function of time after
exposure to the MCO reagents.
During the course of the MCO reaction with 100 mM
ascorbate and 3 mM S2O8
2, the 660 nm band decreases
Figure 4. UV/VIS spectra of Cu/Zn SOD as a function of time at
pH  7.4 in the presence of 100 mM ascorbate and 3 mM S2O8
2.
Spectrum acquisition began as soon as ascorbate and S2O8
2 were
added and continued for 15 min. The arrows on the graph indicate
the absorbances at 420 and 660 nm that were monitored.
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silent Cu(I) species (Figure 4). The max value of this
peak remains essentially unchanged as its intensity
decreases, which suggests Cu maintains its normal
binding site. As the absorbance at 660 nm is decreasing,
the intensity of the feature at 420 nm is also decreasing
at a very similar rate. Indeed, the rate constants for the
disappearances of these two features are close (9.6 0.2
 104 s1 at 660 nm versus 5.0  0.4  104 s1 at 420
nm). Two possibilities can be invoked to explain the
loss of the absorbance feature at 420 nm. The first
explanation is reduction of Cu(II) to Cu(I), which elim-
inates the ligand-to-metal charge-transfer band at 420
nm, and the second explanation is the protonation of
His61 that occurs upon release of Zn(II). Indeed, this
latter occurrence has been used to demonstrate the
greater lability of the Zn binding site compared with the
Cu(II) binding site in this enzyme [34, 35]. It is known
that upon perturbation of the active site, Zn(II) is
released much more readily than Cu(II). The very
similar kinetics of these two absorbance features sug-
gest that the integrity of the Zn(II) site is maintained,
and the decreased absorbance at 420 nm reflects Cu(II)
reduction only. If Zn(II) were lost during the MCO
reactions, one would expect it to be lost more readily
than Cu and the absorbance at 420 nm would decrease
more rapidly than the absorbance at 660 nm.
Two conclusions that have an impact on our detuned
MCO/MS studies can be drawn from this absorbance
data. First, the Cu(II) binding site is not disrupted by
the presence of the MCO reagents. If it were disrupted,
one would expect a noticeable shift in the max around
660 nm, but no significant shift is observed. This obser-
vation suggests that oxidation of non-Cu-bound resi-
dues is not due to the formation of new Cu(II)-binding
sites. Second, the Zn(II) binding site is not disrupted by
the presence of the MCO reagents. If the MCO reagents
do cause the displacement of Zn(II), we would expect a
different disappearance rate for the 420 nm feature as
Zn is released more rapidly than Cu. The significance of
this second conclusion is that oxidations of His69 and
His78, which are bound to Zn(II), are not likely to be
due to migration of Cu(II) to the Zn(II) binding site.
While the observed changes to these spectral features
argue that the integrity of the binding site is retained
during the detuned MCO reactions, the lack of spectral
features for Cu(I) leaves some ambiguity. The absor-
bance data do not provide any direct information about
the fate of Cu(I) after it is formed by reduction of Cu(II).
Migration of Cu(I) to other amino acid residues, its
transient reoxidation to Cu(II), and the subsequent
production of ROS could possibly explain oxidation of
the non-bound residues. To eliminate this ambiguity, a
second set of experiments was performed.
Oxidation Kinetics
The second set of experiments involved determining
the oxidation kinetics of each of the residues that weremodified during the detuned MCO experiments. As
with the regular MCO reactions, the detuned reactions
follow pseudo first-order kinetics, so the observed oxi-
dation rate constant (ko) for a given amino acid or
peptide is related to the “real” rate constant (kr) by eq 1,
where C is a constant that accounts for the impact of the
excess ascorbate on the real rate constant, [Ox] is the
concentration of the oxidizing agent, and t is time. The
extent of
k0  CkrOxt (1)
oxidation for an amino acid (or a peptide containing
that amino acid) at a fixed reaction time can be readily
monitored as a function of [Ox] concentration, and this
data can be used to assess whether or not the integrity
of the binding site is maintained. During these experi-
ments, we make the same assumption that is made in
other methods where radicals are used to probe protein
(or DNA) structure—as long as the protein’s structure
remains the same, in this case its structure around Cu,
pseudo first-order kinetics will be preserved [7]. If
structural integrity is lost, the dynamics (e.g., activation
energy) of the oxidation reaction at any given amino
acid will change and deviations from pseudo first-order
kinetics will be evident.
The extent of peptide oxidation as a function of
S2O8
2 concentration has been monitored for each of the
peptides that contain the oxidized residues shown in
Table 3. Figure 5 shows the pseudo first-order kinetic
plots for three of these peptides—Lys68-Lys73, which
contains His69, His78-Ala87, which contains His78, and
Asp40-Gly49, which contains His44 and His46. This
plot clearly indicates that pseudo first-order kinetics are
0 1 2 3 4 5
-0.8
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0.0
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Figure 5. Pseudo first-order plot of the change in unmodified
peptide as a function of S2O8
2 concentration. The data for the
peptide fragment Lys68-Lys73, which contains non-Cu bound
His69, is represented by filled triangles, the data for His78-Ala87,
which contains non-Cu bound His78, is represented by filled
circles, and the data for Asp40-Gly49, which contains the Cu-
binding residues His44 and His46, is represented by filled squares.maintained as long as the S2O8
2 concentration is 3 mM
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of the three plots is linear, indicating that the dynamics
of the oxidation reactions are constant. At 5 mM S2O8
2,
the linearity of these first-order plots deviates signifi-
cantly for Lys68-Lys73 and His78-Ala87, suggesting
some change in their positioning relative to Cu or some
change in a neighboring region that affects the rate of
oxidation of these peptides. Even though the plot for
Asp40-Gly49 is still linear at 5 mM S2O8
2, deviations for
the other peptide sequences indicate that the detuned
conditions only provide meaningful information when
the S2O8
2 concentration is maintained at 3 mM or
below. Because the data in Figure 5 is consistent with
the UV-VIS absorbance data, we feel confident that the
detuned MCO reactions at or below 3 mM concentra-
tions of S2O8
2 provide information about protein struc-
ture near Cu without disrupting the binding site.
Conclusions
By varying the MCO reaction conditions used during
oxidation of a Cu-bound protein, we demonstrate that
non-metal-bound amino acid residues can be oxidized
and then identified by MS. Using Cu/Zn SOD as a
model system, we show that amino acids within about
10 Å of Cu can be oxidized when the oxidant concen-
tration is increased beyond an optimum level. Close
examination of the known structure around Cu sug-
gests that only those residues that are readily accessible
to diffusing ROS are modified. Any amino acid side
chains that are hindered either by the protein backbone
or by other side chains remain unmodified even though
they are within 10 Å of Cu. Evidence that the non-
bound residues are modified by diffusible ROS instead
of changes to the Cu binding site is provided by both
UV-VIS spectroscopy and measurements of oxidation
kinetics. In analogy to other radical-based protein foot-
printing methods, pseudo first-order oxidation kinetics
are used to indicate that the Cu-binding site has main-
tained its integrity.
Further work on other model systems is necessary to
more fully assess the potential of this detuned
MCO/MS method. More work on proteins such as
azurin that contain numerous methionine residues will
be particularly important as an abundance of this
residue could complicate the described experiments.
Even so, this approach might serve as a complementary
method to other radical-based footprinting approaches
that provide information about surface exposed amino
acids. Unlike the radical-based methods that probe
protein surface structure with radicals generated at
random locations in solution, the current approach can
provide a three-dimensional reference point for protein
structure because radicals are generated at a single site
(i.e., Cu) within the protein structure. Furthermore,
because many amino acid residues close to metal cen-
ters have low solvent accessibility, the detuned
MCO/MS approach can provide altogether new infor-
mation when compared with the other surface mappingmethods. Finally, the described approach might have
some potential for providing information about protein
structural changes around Cu in response to stimuli
such as ligand binding or interactions with another
protein.
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